Severe plastic deformation processes are one of the most promising methods for mechanical properties improvement through the grain refinement and strain accumulation. In the recent years, there is considerable interest in the application of the Equal Channel Angular Pressing method that is an effective tool for attaining ultrafine grain sizes in polycrystalline materials. A significant advantage of this method in comparison to conventional metalworking processes, such as extrusion and rolling, is that very high strains may be attained without any change in the cross-sectional dimensions of the sample. However, metalworking process of aluminium alloys may be complicated because of the alloying additions. It is known that aluminum-magnesium alloys are hardly deformable because the addition of Mg decreases workability. Thus there is a need to investigate the effect of the combination of heat treatment with SPD to simultaneously increase the workability and mechanical properties through the grain refinement. The research aimed to study the microstructure evolution of the AlMg5 alloy subjected to the heat treatment, ECAP and post-ECAP annealing. Microhardness measurements and tensile tests were undertaken to determine the mechanical properties of the AlMg5 alloy in different states. The results obtained show the relationship between the microstructure and the mechanical properties of the material.
INTRODUCTION
The plastic working of metals through the application of severe plastic deformation (SPD) methods has acquired substantial attention over the last decades. This interest arises mainly from the possibility for using SPD processing techniques to introduce a significant amount of plastic strain into bulk polycrystalline materials and thereby to obtain increased mechanical properties including high mechanical strength at room temperature and a superplastic forming capability at elevated temperature. Usually, the grain refinement obtained using SPD techniques is in the sub-micrometre level and ranging from 100 nm to 1.0 μm, but there are also some investigation results showing grain refinement to the nanometer range (<100 nm). Many different SPD processing techniques are now commercially available, but the most promising methods are equal-channel angular pressing (ECAP) and high-pressure torsion (HPT). The processing using HPT method usually results in finer grains than ECAP; nevertheless, ECAP method has gained greater attention to date for two reasons. First, the ECAP processing technique uses uncomplicated tools that are readily available in many laboratories. Second, processing by ECAP produces relatively large samples with ultrafine-grained structure, and the processing technique can be scaled-up easily for the industrial applications. The principle of the ECAP method was discussed in the works [1, 2] .
Due to the low-density, Al and its alloys are widely used in different applications such as automotive, aircraft or marine industries. Moreover, fine-grained microstructure increases the mechanical and physical properties which focuses the attention of scientists in the last decades [3÷6]. The Al-Mg aluminium alloys are one of the most studied from the solid solution hardening. These alloys are especially attractive for production of fine-grained materials with high strength through the ECAP method due to Mg has high solubility in the Al. However, processing of Al alloys, which contain more than 4% Mg, using severe plastic deformation methods is complicated. That alloy requires elevated process temperature to decrease the possibility of cracking. Nevertheless, the increased process temperature may lead to the grain growth which is undesirable. Thus, there is to improve the workability in another way.
Recent studies have shown that connection of the heat treatment with SPD seems to be a promising approach [1, 7] . Another method is the combination of plastic deformation with inter-pass annealing. Many scientists have also tried to use the back pressure to increase the overall number of ECAP passes of Al alloys. There are also reports suggesting that the application of the cryogenic temperature may also influence the samples processed using ECAP/ECAE methods. However, from industrial applications, the combination of plastic deformations seems to be the most way in the fabrication of bulk nanostructured Al-Mg alloys with increased mechanical properties [9÷15] .
In this study, the AlMg5 aluminium alloy in precipitation treated state was subjected to the ECAP process at room temperature. The evolution of the microstructure was determined using the light microscopy. To investigate the effect of the combination of SPD processing with heat treatment on the mechanical properties, hardness measurements and tensile test were performed.
MATERIALS AND METHOD
The experiment was carried out on AlMg5 alloy, the chemical composition of which is given in Table 1 . To increase the workability, work samples were subjected to the heat treatment The conditions of the precipitation treatment are presented in Table 2 and were selected based on the previous investigation results [8] . ECAP process was performed using a hydraulic press at room temperature via route Bc. Samples having a length of 80 mm and diameter of 19.5 mm were pressed through an ECAP die with an abrupt internal angle of 120° up to two passes. The work samples were processed with a constant deformation rate of 2 mm/s. To lower friction samples were covered by a thin layer of MoS 2 lubricant. After severe deformation, the specimen was subjected to annealing for 30 min at 350°C. Microstructure observations of the AlMg5 alloy samples were carried out using light microscope Axio Observer A1. Microstructural characterization of the alloy was carried out on the crosssection plane of the samples that were polished using standard metallographic techniques (mechanical grinding and polishing). Samples for metallographic investigation were etched using Keller's, Barker's and Weck reagent to perform a precise analysis. The microstructure of the alloy before and after ECAP was characterised using light microscope Axio Observer Image Analyzer by application of the bright field and using polarised light. The grain size measurement was performed using line interception method. The investigation of the thin foil microstructure was carried out on the high-resolution transmission electron microscope JEM 3010UHR from JEOL, at an accelerating voltage of 200 kV.
Vickers microhardness (HV) was measured on cross-section plane by imposing a load of 300 G and dwell time of 15 s using Vickers hardness tester Future-Tech FM-ARS. All of the tensile tests in current investigation were performed at room temperature using a universal tensile testing machine ZWICK Z/100 at a strain rate of 6.7×10 -4 s -1 . Tensile tests were conducted following the DIN EN ISO 6892-1 standard.
RESULTS AND DISCUSSION

Structure
The optical micrographs of AlMg5 aluminium alloy in the initial state are presented in the Figures 1a÷c. It can be observed that the starting microstructure is coarse-grained with average grain intercept length (grain size) of about 400 µm. Moreover, it can be seen that between primary aluminium phase dendrites exists some small precipitates. In agreement with the aluminum-magnesium binary diagram, it can be stated that in the interdendritic region exists the equilibrium β-Al 3 Mg 2 phase. Figure 1b presents the microstructure of the AlMg5 sample in as-cast condition etched using Weck's reagent. It is visible that the microstructure in as-cast state is more complex. The microstructure consists of a primary α-Al phase, β-Al 3 Mg 2, and two other phases -Al 3 Fe and Mg 2 Si, which was proven in the previous investigation based on the EDS measurements [8] .
The optical micrograph of the AlMg5 aluminium alloy (Fig. 2 ) shows the microstructure of the heat treated sample etched using Weck's reagent, respectively. Solution treatment provides the homogenization of the fine dendritic structure. A vast majority of the intermetallic phases dissolve into the α-Al matrix, indicating that the heat treatment reached the dissolution temperature of Mg-rich phases. Besides, a small fraction of dark grey facet particles was found to be present at the grain boundaries. Those particles, in accordance with Al-Mg-Si ternary phase diagram, are the Mg 2 Si phase. The chemical etching also reveals the presence of the Al 3 Fe phase [7, 8, 15 ] that forms lamellar shaped eutectic and is characterized by a fine particle size. The solubility of Fe in aluminium is very low thus even an insignificant addition of iron is sufficient to create Al 3 Fe eutectic forms, which exhibit greater mechanical strength and embitterment than an Al matrix. Moreover, the iron-rich phase cannot be dissolved because Al 3 Fe has a higher melting temperature than the solution treatment temperature in this study. The micro- accumulation -increased number of ECAP passes, the amount of shear bands also increases. It can be stated that the structure is refined by the interaction of shear and microshear bands that intersect the original grains. It is apparent that mutual intersections of deformation bands cause the grain refinement. The annealing treatment led to the initiation of recrystallization process and nucleation of new grains. The structure is as bimodal in which large recrystallized grains are surrounded by new fine grains with a size of few micrometres. Figures 5a÷c presents the comparison of the histograms of the grain size distribution. It can be stated that with an increase of ECAP passes the grain size decreases. Recrystallization process also causes the reduction in grain size because of the nucleation of the recrystallized grains. UFG materials containing a bimodal grain size distribution have been found to exhibit enhanced mechanical strength and ductility. This has been attributed to the combined effects of the larger grains which provide ductility by work hardening and the very small grains that enhance the strength as well as fatigue properties [17] .
TEM images of the AlMg5 alloy in a heat treated state subjected to 2 ECAP pass, respectively, are shown in Figures 4a, b . The typical microstructure of the as deformed aluminium alloys consists of dislocation forests which form dense dislocation walls (DDWs) at the early stages of deformation [1] . In this study, the microstructure of the AlMg5 consists of the parallel microbands in which dislocation tangles can be visible, that can be considered as early stages of dislocation cell structure formation. The thickness of microbands is about 150 nm. The microbands usually have the high angle of misorientation and subdivide grains, particularly coarse-grains, into regions of different orientations during deformation. Such a microstructure is typically observed in cold-worked aluminium alloys after large plastic deformations and is often regarded as a fragmented structure.
Mechanical properties
Tensile curves of the severely deformed samples are shown in Figure 6 , and the mechanical properties are summarized in Table 3 . It can be observed that the material in an initial state exhibits high ductility -the elongation to failure reaches an average value of 26%. The precipitation treatment does not increase the mechanical properties significantly. Also, ductility remains similar in comparison with the sample in the initial state. Plastic deformation of initial state material leads to the mechanical properties increase. The value of tensile strength is higher about 70 MPa in comparison to a prior state. This increase in mechanical strength is due to the strain accumulation, increase in the dislocation density and the microstructure refinement. As it was established, a greater number of ECAP passes lead to the higher mechanical properties of the sample that was heat treated. For this sample growth of tensile strength is about 100 MPa comparing to initial state. However, an increase in strength leads to the ductility decrease. For this reason, samples were subjected to short time annealing. It can be seen that there is the only minor decrease in tensile properties connected with ductility increase. This increase in ductility should be related to the structure investigation presented above showing the recrystallized grains in a severely deformed material. Figure 6 shows the tensile test curves of AlMg5 alloy in different states. It is visible in the tensile test curves that some serrations appear during the constant deformation rate. These serrations are related to the dynamic strain ageing (DSA) effect, inferring to the influence of solute Mg atoms and its interaction with dislocations. As it can be seen, the magnitude of the DSA effect increases gradually with an increase in strain. The DSA effect is common in the AlMg alloys.
CONCLUSIONS
In this study, the AlMg5 alloy in heat treated state was subjected to the severe plastic deformation to obtain a significant increase of the mechanical properties. Based on the investigation results presented above, following conclusions can be stated.
-The initial structure of investigated alloy is coarse-grained with the average grain intercept length of ~400 µm. The microstructure consists of four phases. The α-Al being the matrix of the alloy Al 3 Mg 2 , Mg 2 Si and Fe-rich phase. Precipitation treatment leads to homogenization of the microstructure and disappearance of fine dendritic structure and does not influence significantly on the average grain size of AlMg5 alloy. With an increase in the strain accumulation, the amount of shear and slip bands increases resulting smaller grain size. Annealing of as deformed samples lead to recrystallization and fine-grained bimodal microstructure was obtained. -A significant increase in the mechanical properties was obtained for all deformed specimens. It was observed that for the sample that was subjected to two ECAP passes an increase in strength is about 100 MPa. It was also found that producing the bimodal microstructure through the annealing result in the proper combination of property -increased strength and ductility. 
